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ABSTRACT: Focusing properties of spirally polarized annular multi Gaussian beam by High NA Lens 
are investigated theoretically by vector diffraction theory. Results show that the optical intensity in 
focal region of spirally polarized annular multi Gaussian beam can be altered considerably by the 
beam order and spiral parameter. Spiral parameter can induce focal pattern change in axial direction 
remarkably and many novel focal patterns including optical bubbles, focal hole and focal spots of long 
focal depth and axially separated focal spots and flattop profile are evolved. We expect such a tunable 
focal patterns are useful for optical manipulation of micro particles. 
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INTRODUCTION 

Polarization, as an intrinsic nature of light, 
plays an important role in engineering the 
optical field and controlling the interaction of 
light with matter. In recent years, cylindrical 
vector (CV) beams have attracted significant 
interest due to the unique focusing features 
compared with homogeneously _ polarized 
beams [1]. Two extreme cases of CV beams are 
radially polarized (RP) and _  azimuthally 
polarized (AP) beams. It is found that an AP 
beam can be focused to generate a hollow dark 
spot with totally transverse polarization for the 
electric field, whereas it is a_ strong 
longitudinally polarized hot spot for the input 
RP beam [2-4]. The longitudinal component of 
the focus from such CVB is much stronger than 
the transversal component, and the size of the 
longitudinal focus is much smaller than the 
transversal focus [5]. Focal engineering using 
radially, azimuthally and cylindrically polarized 
beams has been studied through engineering 
the amplitude, phase and polarization. Recently, 
focusing CVB to a very tight spot was one of the 
most important topics for optical researches 
and application including sharper focus [6-10], 
multiple focal spots [11-14], optical needle [15- 
18],flat-top focus [19], optical chain [20,21], 
focal spot array[22-24], optical channel [25- 
27], optical cage [28-31], and spherical spot 


[32-35] etc. These new properties led to many 
potential applications, such as optical trapping 
and manipulation of particles [36,37], high 
resolution microscopy [38], optical data storage 
[39], and electron acceleration [40]. The 
cylindrical vector beams, most focus has so far 
been mainly on the tightly focused electric field 
distributions. However, the presence of phase 
filters or Amplitude filters makes some 
applications more difficult or even impossible. 
Bing Hao and James Leger have recently 
investigated the numerical aperture (NA) 
invariant focus shaping using spirally polarized 
beams. They proposed that spirally polarization 
is another kind of spatially variant polarization 
bearing radial symmetry [41]. The spirally 
polarized beam possesses axially symmetric 
polarization patterns, with linear polarization at 
any point of the transverse profile and with the 
electric field lines being logarithmic spiral. 
Recent investigation of the tight focusing 
properties of spirally polarized beam suggested 
several possible applications such as as optical 
tweezers, particle trapping, laser cutting, 
material processing, microscopy,  etc.[42- 
46].The studies of energy flow in the focal plane 
of optical fields are also important and useful, as 
they indicate the wide use of such beams in 
manipulating and transporting absorptive 
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particles [47-48]. In an optical tweezers system, 
the absorptive particles can be trapped by the 
strongly focused optical field when absorbing 
some of the beam energy. Simultaneously, they 
obtain a fraction of the energy flow, which 
causes the trapped absorptive particles to move 
so that the trajectory aligns with the Poynting 
vector with a velocity that is proportional to the 
modulus of the Poynting vector. In this paper, 


2. THEORY 
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we study the energy flow in the focal plane of a 
tightly focused spirally polarized annular multi 
Gaussian beam by high NA objective lens based 
on Richards and Wolf vector diffraction theory, 
expressions for the electromagnetic fields and 
the Poynting vector in the focal region are 
presented. These properties might be helpful in 
applications such as optical trapping and 
manipulation of particles and laser processing. 


The state of polarization (SoP) could be mathematically described by the combination of a 
pair of orthogonal base vectors. When referring to the generalized CV beam, it is given by [47] 


Ey= ‘D lexplito+oy)ler +exp[—i(g+ g)le,| =A) |cos(p+ Pex + Cos(pt MpJey | > () 


where Agis a constant, g is the azimuthal angle, @o is the initial phase, 


er and e, represent, 


respectively, the unit vectors of right-handed and left-handed circular polarization, are unite 
vectors of linear polarization along x and y axis, respectively .For the incident optical field described in 
eq.(1), the corresponding three-dimensional electric and magnetic fields near focus can be derived in 
cylindrical coordinate system (r, «, z) as [47] 
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Figure 1 Spirally Polarized Annular Multi Gaussian Beam by high NA focusing system. 


E(r,9,2) |_ —ikf 4 
H(r,g,z)| 20 


Here, the wave number k = 211/A, where A is 
the wavelength in free space; f is the focal 
length of the focusing objective lens; the 
maximum tangential angle a= arcsin(NA/n), 
where NA and n are the numerical aperture 
and the refractive index in the image space that 
we take as 0.9 and 1, respectively; 8 and 
denote, respectively, the tangential angle with 
respect to z axis and the azimuthal angle with 
respect to x axis; Mg and My represent the 
propagating electric and magnetic 
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polarization vectors in the image space; ko = 
(-sin6cosgy, -sinOsing, cos®) is the unite 
vector of the wave vector; r = (rcos@, rsing, 
z) is the polar vector of arbitrary point in the 
image space, 1(@) is the relative amplitude of 
the input optical field at the entrance pupil 
plane.Eo(@) Describes the amplitude-modulated 
annular multi-Gaussian beam, this function is 
given by [23]. 
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Here, @ is the converging semi-angle. We 
denote the maximum converging semi-angle as 
Omax Which is related to objective numerical 
aperture by O@max = arcsin(NA). 00 is an angle 
which, along with integer m, determines the 
shape of the modulation function.6o is usually 


Q@ = 1/2x 


Equation (3) describes an object beam. The 
factor (8/80) measures that the most of light 
energy is located on the annular edge of the 
pupil. Increasing the integer m will concentrate 
more energy into the annular edge area in 
which the converging semi-angle is more than 
80. The sum of (2N + 1) spatially equally spaced 
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0 


chosen to be slightly smaller than Omax. 0c 
determines the radial position translation of the 
19(8) Here we take @¢ = Omax/3 Wo is the waist 
width of single Gaussian beam which is 
calculated by the following formula 


1/2 ad (4) 
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Gaussian beams ensures that the amplitude of 
the constructed annular multi-Gaussian beam 
decreases suddenly when reaching the outer 
edge of the pupil. The Electric and magnetic 
polarization vectors in terms of Mz and My can 
be respectively derived as 
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where, € and uw denote the dielectric constant and the magnetic permeability of the image 
space. The term @0in Eq. (1) characterizes the polarization of focusing spirally polarized beam and can 


be in different forms [12] 
Q) = [cs ae x n — (6) 


tan(a 
Where C is spiral parameter indicating polarization spiral degree, a = arcsin(NA) is convergence 


angle corresponding to the radius of incident optical aperture. In terms of the three-dimensional 
electric and magnetic field vectors, the energy current can be defined by the time-averaged Poynting 
vector [25]: 


Pas Re(Ex H*) > (7) 


where H* the asterisk denotes complex conjugation. 


3. RESULTS AND DISCUSSION 


Figure 2(a-d) shows 2D intensity distribution 
of the electric and magnetic field (b,c and e,d) 
are the corresponding radial and axial intensity 
distribution of electric and magnetic field.(g- 
i)shows the transverse , longitudinal and total 
of the normalized Poynting vector in the 
through focus plane. In order to study the effect 


of spiral polarization initially we set the spiral 
parameter C=0. Figure (a) and (d) shows the 
intensity distribution of the electric and 
magnetic field obtained for incident multi 
Gaussian beam with m=2 and N=20. It is noted 
from the figure that the generated electric field 
is a sharper focal spot with dominating the 
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longitudinal component (Ez) whereas the 
magnetic field is found to have central null with 
dominating (Md) component. The FWHM and 
DOF of the electric and magnetic fields are 0.5A 
and 1.7A respectively. The transvers component 
of the Poynting vector is shown in Figure 2(g) 
shows that energy flow is inward towards the 
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focus and it is outwards away from the focus 
with no energy flow along the focus. The 
longitudinal component also shows null energy 
flow along the axis and total energy flow is 
found to be dominated with longitudinal 
component with no energy flow along the axis 
are shown in figure 2(h,i)respectively. 


(c) 


Uy 


Figure 2 (a-f) Intensity distribution of the electric and magnetic field.(g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
For m=2 and C=0 


Figure 3. shows increasing order m of the 
multi Gaussian beam as 12 and by setting 
C=0,generated focal structure becomes an 
axially extended focal spot with dominating 
longitudinal component for the electric field 
distribution and an axially extended focal hole 
for the dominating (Md) component magnetic 
field distribution as shown in figure (a) and (d) 
respectively. We noted that the FWHM of the 
electrical spot and magnetic hole is (0.36A) and 
(4.14) respectively and the corresponding focal 
depth improved (0.9A) and (4.2A).figure (g-i) 
shows no energy flow along the axis and it’s 
dominated by the longitudinal flow beside the 
axis. It is also noted that increasing the order of 
the focal depth .this is due to the fact. 

Figure 3 shows increasing order m of the 
multi Gaussian beam as 12 and by setting 
C=0,generated focal structure becomes an 
axially extended focal spot with dominating 


longitudinal component for the electric field 
distribution and an axially extended focal hole 
for the dominating (Md) component magnetic 
field distribution as shown in Figure (a) and (d) 
respectively. We noted that the FWHM of the 
electrical spot and magnetic hole is (0.36A) and 
(4.14) respectively and the corresponding focal 
depth improved (0.9A) and (4.2A). Figure (g-i) 
shows no energy flow along the axis and its 
dominated by the longitudinal flow beside the 
axis. It is also noted that increasing the order of 
the focal depth .this is due to the fact. 

Such flattop profile is useful in improved 
printing filling factor, improved uniformity and 
quality in materials processing, particle 
acceleration and microlithography [51-53]. The 
energy flow distribution of transverse and 
longitudinal component almost resemble the 
previous case however transverse energy flow 
along the axis is observed in the transverse 
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component as shown in Figure (g). Figure (i) axis and it is found to be spiraling in the 
show that the total energy flow is null along the transverse direction from the focus. 
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Figure.3. (a-f) Intensity distribution of the electric and magnetic field.(g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
For m=12 and C= 0. 
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Figure 4 (a-f) Intensity distribution of the electric and magnetic field (g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
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For m=2 and C = 0.41. 
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Figure 5 (a-f) Intensity distribution of the electric and magnetic field (g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
For m=2 and C = 1.0. 
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Figure.6.(a-f) Intensity distribution of the electric and magnetic field. (g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
For m=12 and C = 1.0. 
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Figure 5(a) shows same as Figure (2) but for 
spirality C=1.0. It is noted from the figure (a 
and d) increasing the spirality C as 1.0 
generated an uniform intense optical bubble 
and an axially extended spot for the electric and 
magnetic field distribution with FWHM of 
0.95A.and DOF as 1.6A respectively. It is noted 
from figure (b) and (e) that the total electric and 
magnetic field is dominated by the (Ed and Mz) 
components. Such have attracted 
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significant attention in recent years because of 
the many actual and potential applications they 
have, such as for imaging [1,2], optical trapping 
[3,4], and optical cloaking [5]. It is observed 
from Figure (g-i) through the energy flow 
pattern of the transverse and _ longitudinal 
component resemble the previous case the total 
energy flow shows energy flow along the axis 
and it is spiraling in the transverses axis from 
the focus. 
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Figure 7(a-f) Intensity distribution of the electric and magnetic field. (g-i) transverse, longitudinal 
and total components of the normalized Poynting vectors in the through-focus plane. 
For m=2 and C = 2.78. 


Figure 6 shows that by carefully setting C as 
1.9, one can generate uniform intense optical 
bubble and a sharp magnetic spot with axial 
flattop profile for the electric and magnetic field 
distribution. Such a focal pattern has attractive 
application as mentioned previously. The 
magnetic spot with dominating longitudinal 
component is useful for application such as 
ultrahigh density all-optical magnetic recording 
and fabricating magnetic lattices for spin wave 
operation and atomic trapping with flexibility. 
Figure 6 (g-i) through the radial and 
longitudinal energy flow pattern resemble for 
the previous cases, however transverse energy 


flow is found at the focus and the energy flow 
spirals above and below the focus. 

It is noted from the Figure 7 increasing the C as 
2.78 spiral parameter the electric and magnetic 
field distribution as obtained is an axially 
splitted spots each having FWHM of 0.8 and 
2.8A with DOF as (0.94) and (2.1A).We noted 
that the electric field distribution is an flattop 
profile in the radial axis with dominating (Ez) 
component such a axially splitted focal spots are 
usable for high-density optical data storage, 
particle acceleration, biomedical imaging and in 
optical trapping [54-56]. Figure 7 (g) and (h) 
also shows that the transverse and longitudinal 
component of energy flow is also axially 
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splitted. The total energy flow pattern show in 
figure (i) shows energy flow for the first spot is 
diverging whereas it is converging for the 
second spot along the radial axis from the focus. 
Such an energy flow pattern is usable for 
transporting particles from the first spot to 
second one. However, Figure (8) shows that 
setting m=12 and C=3.4, the DOF of the splitted 
spots extend to 4.1A with FWHM of 0.35A. It is 
also noted that the splitted magnetic spots 
obtained is irregular and dominated (Eq) and 
(Ez) component and scene bumpy structure is 
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observed. The energy flow pattern shown 
Figure 8(g-i) shows the converging and 
diverging transverse flow before and after flow 
with spiraling flow at the focus. Further, the 
directions of the transverse energy flows are 
reversed between these two regions, which are 
directed inwardly and outwardly along the 
radial direction, respectively. Overall, the 
proposed method may be help in applications 
like magnetic recording, magnetic resonance 
microscopy, and optical micromanipulation. 
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Figure 8(a-f) Intensity distribution of the electric and magnetic field. (g-i) transverse, longitudinal and total 
components of the normalized Poynting vectors in the through-focus plane, For m=12 and C = 3.4. 


4. CONCLUSION 


The tight focusing properties of spirally 
polarized annular multi Gaussian beam by High 
NA lens are investigated theoretically by vector 
diffraction theory. Results show that the optical 
intensity in focal region of spirally polarized 


are useful for optical manipulation of micro 
particles. 
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